Abstract: This paper presents a method to determine transmission power based on power amplifier (PA) operations in order to improve the energy efficiency (EE) of a large-scale (LS) Multiple Input Multiple Output (MIMO)-OFDM system, which is a multi-carrier multiple antenna system with a large amount of transmitter (TX) antennas. Regarding the EE improvement, we propose two kinds of PA operation schemes: increasing the effective TX power (ITXP) and reducing the PA power consumption (RPC) assuming that a reduction of peak-to-average power ratio is applied in the appropriate manner. Closed-form expressions of relative EE are derived for both schemes, and the relative EE of the ITXP scheme is shown to depend on the precoding method that is applied to reduce the inter-user interference, while that of the RPC scheme is independent of the precoding method. The relative EE difference between the ITXP and the RPC schemes is also shown to rely on the occupation ratio of the PA power consumption over the total power consumption. Thus, the EE can remarkably improve by selecting the appropriate scheme based on the circumstances. The results of a simulation also validate the derived closed-form expression of the relative EE.
Introduction
The ever increasing demand for high quality wireless services has resulted in an increase in the power consumption of wireless systems. Multiple Input Multiple Output (MIMO) is a key technology in an modern wireless communications, and it has already been adopted in the several standards, including 3GPP-LTE-Advanced, IEEE 802.11ac/ax, etc. In general, traditional point-to-point MIMO systems use almost the same number of transmitter (TX) and receiver (RX) antennas to maximize the channel capacity, and the 3GPP LTE-Advanced (Release 10, 11) incorporates a number of antennas up to 8 for a real implementation. If we can increase the number of antennas up to several hundred or more, we can obtain an enormous capacity gain. Recently, T. Marzetta suggested a MIMO system with several hundred TX antennas [1] [2] [3] [4] [5] , which can be referred to as a large-scale (LS)-MIMO system. The basic form of LS-MIMO has been already discussed as a core technology for 5G systems. To realize a LS-MIMO system, however, many obstacles, such as the less correlated antenna implementation [6, 7] , the radio-frequency (RF) devices implementation [8, 9] , the reference signal overhead reduction [3] , need to be overcome. LS-MIMO system has the potential to enhance the energy efficiency (EE), because it can generate an excessive amount of channel gain by using the massive antenna system [10] . However, many power amplifiers (PAs) are required for an LS-MIMO system because the signals radiated from each antenna need to be amplified by the PA, which is one of the most expensive and power hungry devices in the current base station (BS). Note that PA takes 50~80% of total power consumption in current BS [11] . Therefore, the operation of PAs can be very important to improve the EE of an LS-MIMO system.
It is well-known that orthogonal frequency-division multiplexing (OFDM) is a very attractive modulation choice, and there is no doubt that it would be combined with LS-MIMO for efficient frequency usage. However, OFDM signal suffers from very high peak-to-average power ratio (PAPR) and current BS uses digital predistortion (DPD) technologies to compensate it [12] . Since DPD is an expensive device, it cannot be used for LS-MIMO due to the excessive amount of TX antennas, while there are numerous well-known PAPR reduction techniques and some can be successfully applied in LS-MIMO-OFDM to increase EE [13] .
The LS-MIMO-OFDM can extend cell coverage due to its beamforming effect. However, the extension in coverage is not always beneficial in modern high data rate wireless communication systems because one BS needs to support more users under maintaining a high data transfer services in such a situation. In this paper, we show that both increasing the effective radiation power based on beamforming effect under maintaining the PA power consumption, and reducing the effective radiation power based on the degree of beamforming effect under reducing PA power consumption can increase EE significantly.
In the literature, several works focus on the transmission power and the related EE of LS-MIMO [14] [15] [16] [17] [18] . An optimization technique with various system parameters was used to find the global optimum point of the EE of LS-MIMO in [14] . In [15] , an energy-efficient resource allocation problem was investigated for the downlink LS-MIMO frequency-division duplexing (FDD) system under a correlated Rayleigh fading channel. In this work, the authors tried to maximize the EE by adjusting the training duration, training power, and data power, under the constraints of a total transmit energy and spectral efficiency requirement for a user, which simultaneously evaluates the impact of the training and data transmission phases simultaneously. In [16] , the authors derived tractable expressions for achievable uplink rate in a large-antenna limit, which approximates the results holding for any finite number of antennas. The results of analysis produced the scaling law that the users' transmit power should satisfy, while maintaining a desirable quality of service. In [17] , an optimal resource allocation scheme, which jointly selects the training duration, the training signal power, and the data signal power maximizing the sum spectral efficiency for a given total energy budget spent in a coherence interval, was introduced. A closed-form approximation of the TX power based on an optimization scheme was also introduced in [18] . Even though all the previous works provide rather elegant schemes to improve the EE of an LS-MIMO, however, there is little work focusing on operating PA and relating the operation with the transmission power of the LS-MIMO-OFDM. This kind of work is very important from a practical point of view because the power control is based on the PA operation.
In this paper, we propose two PA operation schemes: increasing the effective TX power (ITXP) and reducing the PA power consumption (RPC), for the EE improvement in a LS-MIMO-OFDM system with a PAPR reduction technique. Unlike the resource allocation and/or optimization schemes for TX power, we focus on PA operation and connect its operation with TX power. Assuming that the PAPR reduction technique is applied in an appropriate way, depending on the situation, we can choose between two different PA operating modes to effectively improve the EE. The ITXP is the scheme that increases the TX power by maintaining the total power consumption as a constant, while the RPC is a scheme maintains the TX power as a constant by reducing the total power consumption. The closed-form expressions of relative EE for two schemes are derived, and the relative EE of the ITXP scheme is shown to depend on the performance of the precoding method which applied to reduce the inter-user interference (IUI), while that of the RPC scheme is independent of the precoding method. The result of a theoretical analysis and simulation show that the EE performance for both schemes is heavily dependent on the occupation ratio of the PA power consumption over the total power consumption.
In what follows, the system model and the proposed schemes are described in Section 2, and the closed-form expression of EE is derived in Section 3. An analysis of the performance and the results of simulation are presented in Section 4, and concluding remarks are given in Section 5.
System Model and Power Amplifier Operations

LS-MIMO-OFDM and PAPR
A single isolated cell with a BS using the LS-MIMO-OFDM system and K terminals is considered. The BS has N t TX antennas, and each terminal has only one RX antenna. Let the frequency domain of an OFDM signal of the t-th antenna be
. Then, the time domain signal x t can be represented as follows:
where F H N is N-point IFFT matrix, which can be represented as
To measure the PAPR of the OFDM signal, oversampling is usually considered to catch the PAPR of the analog domain. Note that most of the nonlinear distortions due to a high PAPR are caused in the analog domain, but most of the signal processes for the PAPR reduction are performed in the digital domain. The PAPR of the digital domain is not necessarily the same as the PAPR of the analog domain. However, 4-times of oversampling is well-known to be sufficient in satisfactorily approximating the PAPR of the analog domain [19] . If we consider the oversampled OFDM signal, (1) can be represented as follows:
where x o t is the oversampled signal of x t , X o t is the zero-padded signal of X t to generate the oversampled time domain signal, (F o ) H N is LN-point IFFT matrix, which can be represented as
, and L is the oversampling factor. Then, the PAPR of the OFDM signal for the t-th antenna can be expressed as follows:
where E[·], x o t ∞ , and x o t 2 denote the expectation of [·], the l ∞ -norm, and l 2 -norm of vector x o t , respectively. From now on, we omit the oversampling superscription for simplicity.
Cyclic prefix (CP) is necessary to remove the inter-symbol interference (ISI). If the CP is longer than the multipath delay spread, the individual frequency carrier experiences a flat fading channel, and the frequency domain representation of the received kth signal vector,
can be represented as follows:
where Y[k] is the K × 1 received vector for each terminal, P tx is the total TX power for a forward link, The precoding process is necessary to reduce the IUI, and there are two representative precoding schemes for the LS-MIMO: matched filtering (MF) and zero forcing (ZF) schemes [1] . Both schemes are considered in this paper, and the precoding matrices for MF and ZF are summarized in Table 1 . Generally the performance of the ZF precoding scheme is known to be superior to that of the MF precoding scheme. However, the MF scheme is also known to be simple and effective especially when the number of TX antennas is very large. Moreover, the MF scheme is suitable for a distributed antenna system because each distributed antenna system does not need to know the channel information of the other antenna systems [1] . The signal transmitted after precoding, X, can be represented as follows:
where ζ is the TX power normalization factor, which is approximated as ζ =
· F denotes the Frobenius norm, W is the N t × K precoding matrix to reduce the IUI, and S is the K × 1 message signal vector.
Energy Efficiency Model and Power Amplifier Operation
The energy efficiency is defined to measure the EE gain and is usually expressed as follows:
where R is the achievable rate in bits per second, and P tot is the reference total power for the derivation of EE. For simplicity, we divide the P tot into two parts as
where P PA is the power consumption of the PA, and P R is the power consumption of the remaining relevant components. It is appropriate to define P tot as (7) because the P PA consumes most of the power in the current BS. When a Class B amplifier is used, the relationship between the TX power, P tx , and P PA can be expressed as follows [20, 21] :
where η is the PA efficiency in percentage (%) and is defined as
where p is the square-root of the input back-off (IBO), √ IBO. The η depends heavily on the PAPR of the OFDM signal, as shown in Figure 1 , and the PAPR of the OFDM signal also depends on the system bandwidth and/or number of subcarriers [20, 21] . According to the 3GPP LTE system parameters [22] , we can choose the 20MHz bandwidth with 1200 subcarriers/2048 FFT size. With these parameters, the PAPR of the OFDM signal is around 12dB from the complementary cumulative distribution function (CCDF = 10 −3 ) [23] . Now let us describe how (8) can be changed for the ITXP and the RPC schemes. First, we define the reference TX power for the case in which PAPR reduction technique is not applied, and it is expressed as follows: When the PAPR reduction technique and the ITXP scheme are applied, (10) can be rewritten as follows:
where P ITXP tx is the TX power with the ITXP scheme, and η PAPR is the PA efficiency after PAPR reduction. (11) means that η re f increased to η PAPR as a result of the PAPR reduction technique, while P re f PA is kept as is. That is, P ITXP tx > P re f tx , due to the increase in PA efficiency. When the PAPR reduction technique and the RPC scheme are applied, (10) can be rewritten as follows:
where P RPC tx is the TX power and P RPC PA is the PA power consumption with the RPC scheme. (12) means that η re f increases to η PAPR due to the PAPR reduction technique, while reducing PA power consumption from P re f PA to P RPC PA , and maintaining TX power. To make P RPC tx = P re f tx , we should choose P RPC PA = P re f PA η PAPR , and then, from (12), P RPC tx can be represented as follows:
That is, by employing the RPC scheme, P RPC tx becomes equal to P re f tx , because of the increase in the PA efficiency η and reduction in the PA power consumption P PA .
For easy understanding, we present Table 2 for the transmission powers of each scheme. 
Closed-Form of Relative Energy Efficiency Based on Channel Hardening Effect
In this section, the closed form expression of the energy efficiency is derived in the presence of the channel hardening effect.
The frequency domain expression of the k-th subcarrier signal received by the i-th user, Y i [k], is written as follows:
where H i,: [k] is the 1 × N t channel vector of the kth subcarrier for the ith user, ζ is the TX power normalization factor (ζ ≈ N t K ) as mentioned in Section 2.1, W :,i [k] is the N t × 1 precoding vector of k-th subcarrier for ith user, S i is the k-th subcarrier message signal for ith user, and N i [k] is the kth subcarrier AWGN for ith user. The second line of (14) is the IUI term.
From (14), the effective SINR, γ k , can be represented as follows:
where N 0 B is the noise power in a given bandwidth B. Then, the achievable rate of the precoded LS-MIMO can be represented as follows:
where δ is the scaling factor for the pilot overhead and guard interval. Since we deal with LS-MIMO, which has many TX antennas, an excessive amount of diversity gain can be obtained, and thus the channel hardening effect can happen and the randomness of the channel can be reduced.
In the presence of the channel hardening effect, (16) can be simplified by using the precoding matrix in Table 1 as follows [23] :
where I is the IUI term. Note that the typical condition for (17) is N t ≥ 10K. By plugging (17) into (6), (6) can be rewritten as follows:
To better understand the characteristics of the EE and R, we present the simulation results for the relationship between the normalized EE versus P tot and normalized R versus P tot in Figure 2 . The normalized EE and R mean the normalized values by the value of EE and R when P tot = 10 each. As P tot increases, the normalized R increases logarithmically, while the normalized EE increases only to a certain point and then decreases. 
Performance Analysis and Simulation Results
In this section, we show the performance analysis and the related simulation results on the methodology of the PA operation.
Improvement of the Energy Efficiency
In this subsection, we analyze the EE performance based on the PAPR reduction. When PAPR reduction techniques are employed [13] , we can secure a room to increase the energy efficiency. As mentioned in the previous sections, two strategies to improve the EE, which are the ITXP and RPC schemes, can be applied.
ITXP Scheme
From (11), the reduction of the PAPR is shown to increase the efficiency, η and it can consequently increase P tx . Therefore, the ITXP scheme can increase the achievable rate and the EE by increasing the TX power. To show the improvement in EE, the relative EE with ITXP scheme, EE ITXP r is defined as the ratio of EE ITXP and EE re f . Note that EE re f is the reference EE without PAPR reduction technique. The relative EE of ITXP is expressed as follows:
where η re f is the reference PA efficiency, when no PAPR reduction technique is applied. Only the log terms of numerator and denominator remain, and as the PAPR reduction increases, the EE ITXP r also increases. Since the IUI depends on the precoding method, the EE ITXP r can change with the applied precoding method.
RPC Scheme
As shown in (12) , if the PAPR reduction technique is applied, η can increase. If we decide to fix the transmission power P re f tx , we can reduce the PA power consumption to P RPC PA = P re f PA η PAPR by reducing the supply voltage of PA. When the RPC scheme is applied, therefore, the relative EE with RPC scheme, EE RPC r can be expressed as follows:
. (20) In contrast with the case of ITXP, in the case of RPC, the log terms are cancelled. Note that the relative EE with RPC scheme is independent of the precoding methods.
Performance Evaluation and Discussion
In this subsection, the performance of the both ITXP and RPC schemes is evaluated, and the decision criterion for the schemes is discussed.
For better understanding of this section, we present the channel hardening in Figure 3 . The x-axis of the figure represents the ordered eigenvalue of HH H , which converges to N t , and y-axis represents the cumulative distribution function (CDF). Figure 3 shows the case in which the number of users is fixed to K = 4, and the number of TX antennas increases as N t = 4, 40, and 400. As N t increases, the randomness of the channel reduces. Then, we should consider the occupancy ratio of P PA over P tot . When P PA takes a greater portion than P R in the P tot , a greater improvement in EE can be obviously achieved by using the IXTP/RPC schemes. The PA is the most power hungry device, and takes 50~80% of the total power consumption, as we mentioned in Section 1. However, when the proposed schemes are applied in the LS-MIMO-OFDM, it is easily expected that the occupancy ratio of the P PA could be significantly reduced, because the LS-MIMO system uses a large amount of TX antennas, and a beamforming effect can occur which allows a small radiation power and/or power consumption.
A discussion of the case with each scheme is followed by simulation and analytical results in Figure 4 . Figure 4a shows the performance of the relative EE in terms of the PAPR reduction, when the PA power consumption takes 80% of the total power consumption, i.e., P PA :P R = 80:20. Since the RPC is independent of the precoding method, only one curve is shown for the RPC, while there are two curves for the ITXP, ZF and MF because the relative EE of the ITXP depends on the precoding method. In the figure, solid lines represent the results of the analysis of a previous subsection (Equations (19) and (20)), and the red/blue marks of '+'s indicate the results of the simulations. For the simulation, we use the i.i.d. Rayleigh fading channel with static/nomadic users based on Equation (16) . For the analytical results, we use the derived closed-form equations, (17) and (18) . Since the operating point of the system is in the LS-MIMO region (N t ≥ 10 K), due to the channel hardening effect, the analytical results are well-matched with the results of the simulations. Solid lines represent the results of analysis (Equations (19) and (20)), and red/blue marks of '+'s indicate the results of simulations.
In the case of the MF, the ITXP scheme gives only a slight improvement because the increase in P tx also causes an increase in interference. Although the ZF is superior to the MF in the ITXP scheme, the RPC scheme outperforms the ITXP scheme for both precoding methods.
However, this is not always true, as shown in Figure 4b . When the power consumption of the PA takes a much smaller portion, i.e., P PA :P R = 20:80, as shown in the figure, the ITXP scheme with ZF precoding outperforms the RPC scheme. We should keep in mind that the LS-MIMO system requires only a small TX power and this could induce a small P PA and/or very large P R because the RF components must be applied in each antenna which means that as the number of TX antennas increases, P R can increase.
Therefore, for the LS-MIMO systems, we should consider both the ITXP and RPC schemes. Figure 4c shows the performance of relative EE in terms of the PAPR reduction when the ratio varies as follows: P PA :P R = 90:10~10:90.
It is obvious that when P PA takes a larger portion, we can get a greater EE gain. Note that the analysis presented is based on the assumption that a good PAPR reduction technique is available, and a lot of related studies are going on [24] .
To find the optimum operating strategy between two schemes, we define the threshold value, J as follows:
When J ≥ 0, we can choose the RPC. Otherwise we can choose ITXP for the optimum operation. Figure 5 present J versus P PA , and the cross over point is not so much different even though we increase the P PA . (19) and (20) , and red '+'s are simulation results.
In Table 3 , we present points of the J = 0. In the case of ZF precoding, if P PA takes more than 25.5~32.9 when P tot = 100, we should choose RPC, otherwise we should choose ITXP for the optimum EE operation. In the case of the MF precoding, if P PA takes more than 12.52~12.74 when P tot = 100, we should choose RPC, otherwise we should choose ITXP for the optimum EE operation. For example, when P PA = 33 with a PAPR reduction =12 dB and ZF precoding, it is better to choose PRC because J > 0 at that point. The difference of J = 0 points among various PAPR reduction is not so significant, especially in the case of MF precoding. Also, in the case of MF precoding, P PA for J = 0 points is smaller than that in the case of ZF precoding due to the fact that ITXP does not improve so much compared to the EE performance of the MF precoding relative to that of the ZF precoding because the interference also increases as the TX power increases. Since the analytical results are well-matched with the results of simulation, we can use the analytical results for J to determine the EE optimized operational scheme.
To show the characteristic of the decision threshold, J, we present three 3D graphs in Figure 6 . As observed in Figure 6a , as P PA and/or PAPR reduction increases, J also increases. It is also noteworthy that the proposed method is not affected by the variations in the parameters. As we can see from (b) and (c) of Figure 6 , even though N t and K change, the thresholds do not change. 
Conclusions
The TX power determined based on the PA operations is discussed for the EE improvement of the LS-MIMO-OFDM system, and two PA operation schemes are proposed. The closed form of the expressions for the relative EE are derived for the schemes, and the performance of the proposed schemes is evaluated with the corresponding simulations. According to a theoretical analysis and results of the simulation, the RPC scheme generally outperforms the ITXP scheme. However, the ITXP must also be considered coincidently because the ITXP can outperform the RPC, especially when PA takes a small portion in the total power consumption. The ZF is also shown to provide enhanced EE performance compared to the MF, when the ITXP scheme is used.
